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ORIGINAL ARTICLE 

Inhibition of MerTK increases chemosensitivity and decreases 
oncogenic potential in T-cell acute lymphoblastic leukemia 

LN Brandao\ A Winges\ S Christoph\ S Sather\ J l\/ligdall-Wilson\ J Schlegel\ A McGranahan^ D Gao^ X Liang^ D DeRyckere^ 
and DK Graham^ 

Pediatric leukemia survival rates have improved dramatically over the past decades. However, current treatment protocols are still 
largely ineffective in cases of relapsed leukemia and are associated with a significant rate of chronic health conditions. Thus, there is 
a continued need for new therapeutic options. Here, we show that mer receptor tyrosine kinase (MerTK) was abnormally expressed 
in approximately one half of pediatric T-cell leukemia patient samples and T-cell acute lymphoblastic leukemia (T-ALL) cell lines. 
Stimulation of MerTK by the ligand Gas6 led to activation of the prosurvival proteins Erk 1/2 and StatS, and MerTK-dependent 
activation of the STAT pathway in leukemia represents a novel finding. Furthermore, inhibition of MerTK expression increased the 
sensitivity of T-ALL cells to treatment with chemotherapeutic agents and decreased the oncogenic potential of the Jurkat T-ALL cell 
line in a methylcellulose colony-forming assay. Lastly, inhibition of MerTK expression significantly increased median survival in a 
xenograft mouse model of leukemia (30.5 days vs 60 days, P< 0.0001). These results suggest that inhibition of MerTK is a promising 
therapeutic strategy for the treatment of leukemia and may allow for dose reduction of currently used chemotherapeutics resulting 
in decreased rates of therapy-associated toxicities. 
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INTRODUCTION 

Cancer is the leading cause of disease-related deaths in children, 
and leukemia is the most common form of childhood cancer.^'^ 
Leukemia survival rates have improved significantly in the last 
three decades as treatment protocols have been optimized. 
However, this success is associated with a two to fourfold 
increased rate of adverse late effects of therapy.^"^ Furthermore, 
children with T-cell acute lymphoblastic leukemia (T-ALL) 
who experience a bone marrow relapse have a particularly 
poor prognosis,^'^ and currently the best therapeutic option is 
hematopoietic stem cell transplantation. Unfortunately, induction 
of complete remission, a necessary first step for transplantation, is 
extremely difficult in relapsed T-ALL.'' Consequently, there 
continues to be a need for new therapeutic strategies, such as 
molecularly targeted therapies, that can interact synergistically 
with current treatment protocols and result in improved efficacy 
and reduced side effects. 

Mer receptor tyrosine kinase (MerTK), a member of the TAM 
(Tyro3/Axl/Mer) family of receptor tyrosine kinases, was initially 
cloned from a B-lymphoblastoid complementary DNA library.^ In 
normal hematopoiesis, MerTK is important in macrophage 
and dendritic cell inflammatory response and MerTK promotes 
phagocytosis of apoptotic cells. Other physiological roles for 
MerTK in hematopoietic cells, include natural killer-cell 
differentiation^ and platelet aggregation.^ ° MerTK is activated by 
the ligands Protein S and Gas6, two structurally similar vitamin 
K-dependent proteins."'^^ Both ligands are produced by a 
variety of tissues and are present in serum. ^^'^"^ Interestingly, 



overexpression of both Gas6 and Protein S is correlated with 
poor prognosis in a variety of cancers.^ ^ More recently, Tubby, 
tubby-like protein 1 and galectin-3 have been described as novel 
Mer ligands important in phagocytosis.^^'^^ Although galectin-3 
has been shown to be important in tumorigenesis,^^ it is unclear 
whether Tubby or tubby-like protein 1 have a role in cancer. 

The oncogenic potential of MerTK is supported by various lines 
of evidence. MerTK activation results in upregulation of the MAPK 
and PI3K/Akt antiapoptotic signaling pathways, thereby promot- 
ing survival of tumor cells. Expression of activated MerTK is 
transforming in Ba/F3 pro-B lymphocytes and NIH 3T3 fibro- 
blasts;^ MerTK overexpression has been reported in a variety of 
human cancers, including B- and T-ALL^^'^^ and ectopic expression 
of MerTK in lymphocytes in a transgenic mouse model promotes 
the development of leukemia/lymphoma.^^ Additionally, our lab 
and others have shown that MerTK inhibition leads to increased 
sensitivity of glioblastoma^"^ and non small-cell lung cancer cell 
lines to treatment with chemotherapeutic agents. Taken together, 
these data indicate important roles for MerTK in leukemogenesis 
and chemoresistance. 

Here, we extend our previous work on MerTK expression in 
T-ALL.^^ We show increased expression of MerTK in a prospective 
analysis of pediatric T-cell ALL at the time of diagnosis. Further- 
more, we show that MerTK stimulation leads to activation of the 
MAPK pathway and the signal transducers and activators of 
transcription (STAT) proteins, two prosurvival signaling pathways. 
Lastly, we demonstrate that MerTK inhibition sensitizes leukemia 
cells to treatment with chemotherapeutic drugs, and reduces their 
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ieukemogenlc potential in a xenograft mouse model of leukemia. 
These data support the development of MerTK-targeted therapies 
for the treatment of pediatric T-ALL 

MATERIALS AND METHODS 

Patient samples and cell culture 

Diagnostic bone marrow or peripheral blood samples were obtained at the 
Children's Hospital Colorado (Aurora, CO, USA) according to an institu- 
tionally approved COMIRB protocol. The CEM, HSB-2, Jurkat, Loucy, MoltS 
and IVlolt4 cell lines were obtained from the American Type Culture 
Collection (Manassas, VA, USA). The ALL-SIL, DND41, HPB-ALL, SupTII 
and TALL-1 cell lines were obtained from the German Collection of 
Microorganisms and Cell Cultures (Braunschweig, Lower Saxony, Germany). 
All cell lines were maintained in RPMI medium (Hyclone Laboratories, 
Logan, UT, USA) supplemented with 10% heat inactivated fetal bovine 
serum (Atlanta Biologicals, Lawrenceville, GA, USA) and penicillin 
(100Units/ml)/streptomycin (100|ig/ml) (Hyclone Laboratories, Logan, 
UT, USA). The identity of all cell lines was confirmed by genomic 
fingerprinting via short tandem repeat microsatellite loci analysis. 

Flow cytometric analysis of cell surface proteins 
Flow cytometric analysis of cell lines was performed as previously 
described.^^ For flow cytometric analysis of T-ALL patient samples, 
cells were stained with mouse anti-human Mer 590,^^ biotinylated anti- 
human Axl (R&D Systems, Minneapolis, MN, USA), ECD-linked anti-human 
CD45 (Beckman Coulter, Brea, CA, USA) and PC7-linked anti-human 
CD7 (Beckman Coulter). PE-linked donkey anti-mouse (Jackson 
ImmunoResearch Laboratories, West Grove, PA, USA) and FITC-linked 
Streptavidin (BD Biosciences, San Jose, CA, USA) were used to detect anti- 
hMer and anti-hAxI antibodies, respectively. Stained cells were washed and 
resuspended in phosphate-buffered saline and analyzed using a FC 500 flow 
cytometer (Beckman Coulter) and CXP data analysis software (R&D Systems). 
Mer and Axl expression was determined on live, CD45/CD7 double-positive 
cells, with ^20% expression considered positive. 

Western blot analysis 

Whole-cell lysates were prepared in lysis buffer (SOmivi HEPES pH 7.5, 
ISOmivi NaCI, lOmivi EDTA, 10% glycerol and 1% Triton X-100) 
supplemented with phosphatase inhibitors (0.1 mivi Sodium pervanadate 
and 0.1 mM Na2Mo04) and protease inhibitors (Complete mini, Roche 
Molecular Biochemicals, Indianapolis, IN, USA). Sodium pervanadate was 
prepared per the Alliance for Cellular Signaling (http://www.signaling- 
gateway.org/) protocol. Samples were analyzed by SDS - polyacrylamide 
gel electrophoresis and immunoblotting with the following primary 
antibodies: anti-Actin (sc-1616, Santa Cruz Biotechnology, Santa Cruz, CA, 
USA); anti-phospho-Mer (pMer Y749/Y753/Y754, PhosphoSolutions, Aurora, 
CO, USA); anti-hMer (no. 1633-1, Epitomics, Burlingame, CA, USA); anti- 
phospho-p44/42 MARK (Thr202/Tyr204, no. 9106), anti-p44/42 MARK (no. 
9102), anti-PARP (no. 9542), anti-Caspase 3 (no. 9662), anti-phospho-Stat5 
(Y694, no. 9359), anti-Stat5 (no. 9358) (Cell Signaling Technology, Danvers, 
MA, USA). Primary antibodies were labeled with horseradish peroxidase- 
conjugated secondary antibodies (donkey-anti-goat, sc-2020, Santa Cruz 
Biotechnology; goat-anti-mouse, 170-6516, Bio-Rad Laboratories, Hercules, 
CA, USA; or donkey-anti-rabbit, 711-035-152, Jackson ImmunoResearch 
Laboratories, West Grove, PA, USA) and proteins were visualized by 
enhanced chemiluminescence (Perkin-Elmer, Waltham, MA, USA). 

Human phospho-kinase array analysis 

Jurkat cells were serum starved for 3 h, and then separate aliquots were 
treated with vehicle control or 200nivi rhGas6 (R&D Systems) for ten 
minutes. Cell lysate isolation and the phospho-array screen were 
conducted according to the Human Phospho-Kinase Array Kit (R&D 
Systems) protocol. 

Lentiviral small hairpin RNA (shRNA) vectors, Mer expression 
vector, luciferase vector and target cell transduction 
Lentiviral shRNA vectors shMerl (targeting Mer) and shControll (targeting 
GFP) have been previously described.^^ The lentiviral shRNA vector 
shControl2 (SHC002, Sigma, St. Louis, MO, USA) expresses an shRNA 
construct that does not target any human gene. shRNA expressing Jurkat 
cell lines have been previously described.^^ shRNA expressing HSB2 cell 



lines were derived in the same manner as with the Jurkat cell lines. 
The identity of all shRNA expressing cell lines was confirmed by genomic 
fingerprinting. The construction of the Mer expression vector and 
generation of the stable Jurkat Mer add-back cell lines has been 
previously described.^^ Details of luciferase tagging of Jurkat parental 
and shRNA derivative cell lines will be provided elsewhere. 

Cellular metabolism assay 

Initial experiments were performed to determine the maximum number of 
cells that could be plated while still remaining within the linear range of 
the colorimetric assay. Jurkat and HSB2 (both at 5 x 10^ cells/ml) were 
plated in 96-well plates and cultured for 4h or overnight, respectively. 
Chemotherapeutic agents or vehicle only were added at the appropriate 
concentrations and the cells were cultured for an additional 48 h. MTT 
(3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide, Sigma) 
reagent was added to the cells to a final concentration of 0.65 mg/ml for 
the final 3h of culture. Solubilization solution (2X, 10% SDS in 0.01 m HCI) 
was added overnight and optical density was determined at 562 nm with a 
reference wavelength of 650nm. Relative cell numbers were calculated by 
subtraction of background absorbance and normalization to untreated 
controls. IC50 values were determined by nonlinear regression of the MTT 
assay data using Prism (Version 5.0, GraphPad Software, LaJolla, CA, USA). 

Flow cytometric analysis of apoptosis 

Jurkat or HSB2 parental and shRNA derivative cells were plated at 5 x 
10^ cells/ml and cultured for 48 h in the presence of the indicated 
agents or vehicle control. Cells were collected by centrifugation (240 x g 
for 5 min), resuspended in phosphate- buffered saline containing 1 |iivi YO- 
PRO-1 (Invitrogen, Grand Island, NY, USA) and 1.5|iivi propidium iodide (PI) 
(Invitrogen), and incubated on ice for 20-30 min. Fluorescence was 
detected and analyzed using a FC 500 flow cytometer and CXP data 
analysis software (Beckman Coulter). 

Methylcellulose assay 

Five hundred Jurkat parental and shRNA derivative cells were plated in 
methylcellulose-based medium (Cat no. 1101, Reachbio, Seattle, WA, USA) 
according to manufacturer's protocol. Cells were grown for 8 days, then 
stained with MTT (0.5 mg/ml) overnight and visualized with a colony 
counter (GelCount, Oxford Optronix, Oxford, UK). Colonies greater than 
50|im in diameter were counted. 

Xenograft model of leukemia and in vivo luciferase imaging 
NOD scid gamma mice (Stock no. 5557, The Jackson Laboratory, Bar 
Harbor, ME, USA) were irradiated with 200 rads and injected intravenously 
with Jurkat or shRNA expressing cell lines (5 x 10^ cells). Animals were 
monitored daily and sacrificed upon signs of leukemia onset (weight loss, 
decreased activity and/or hind limb paralysis). Whole blood, bone marrow 
and spleen were harvested at the time of sacrifice and analyzed for human 
cell-surface proteins CD2 and CD45 by flow cytometry. Mer surface 
expression was confirmed by flow cytometry and western blot. Control 
animals injected with phosphate- buffered saline did not develop leukemia. 
For luciferase imaging of leukemia progression, monoclonal Jurkat and 
shRNA-derivative cell lines expressing similar levels of luciferase were 
generated using a lentiviral system which will be described elsewhere. 
Mice inoculated with luciferase-expressing cell lines were injected 
with K + Salt D-Luciferin (Caliper Life Sciences, Hopkinton, MA, USA) 
and imaged with a Xenogen IVIS200 (Caliper Life Sciences, Hopkinton, MA, 
USA) imager. All experiments involving animals followed the regulatory 
standards approved by the University of Colorado Institutional Animal Care 
and Use Committee. 

Statistical analysis 

For determination of IC50 values, experiments were repeated 4-12 times. 
When the variability within a cell line was approximately the same among 
all of the cell lines being compared, repeated analysis of variance was used 
to estimate and compare the mean IC50 values. Otherwise, the difference 
in IC50 between cell lines was calculated and a f-test was used to 
determine if the mean difference was significantly different from 0. SAS 9.2 
software (SAS Institute Inc., Gary, NC, USA. SAS/STAT 9.2) was used for the 
analyses. All other statistical analyses was carried out using Prism software 
(Version 5.0, GraphPad Software, LaJolla, CA, USA) Results were considered 
significant at P <0.05. 
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RESULTS 

Mer receptor tyrosine kinase is expressed in pediatric T-ALL 
We have previously shown that MerTK is ectopically expressed in 
pediatric T-ALL patient samples using a retrospective analysis of 
banked T-cell leukemia patient samples (21). In this report, we 
expand on that observation by analyzing MerTK expression in a 
panel of eleven T-ALL cell lines. Western blot analysis of protein 
extract from each of the cell lines showed that 6 out of the 1 1 lines 
(54.5%) expressed MerTK protein at varying levels, with DND41 
expressing the least and Loucy expressing the most (Figure 1a). 
The results of the western blot analysis and the relative levels of 
MerTK protein expression were also confirmed by flow cytometric 
analysis of surface protein expression (data not shown). The 
observed variability in MerTK expression levels is consistent with 
reports in other tumor types, including gliobastoma and non 
small-cell lung cancer, where negative as well as low and high 
MerTK expressing cell lines have been identified.^^'^^ 

MerTK expression was also analyzed prospectively in a set of 
diagnostic samples obtained at the time of patient admission 
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Figure 1. MerTK expression in T-ALL cell lines and diagnostic patient 
samples, (a) MerTK expression in a panel of T-ALL cell lines was 
detected by western blot analysis, (b) MerTK expression in 
diagnostic pediatric T-ALL patient samples was detected by flow 
cytometry analysis. Expression was determined after gating on live 
CD45 and CD7 positive lymphoblasts. 



(see Table 1). Upon determination of the T-ALL diagnosis, 
CD45/CD7 double positive cells were tested for MerTK and Axl 
expression using flow cytometry (Figure lb). As shown in Table 1, 
5 out of 12 patient samples (41.7%) analyzed in the Children's 
Hospital Colorado clinical pathology laboratory were classified as 
positive for MerTK expression, based on the established clinical 
criteria that at least 20% of cells must express a specific marker to 
be considered positive. As shown in Figure 1 b, in MerTK positive 
samples the fluorescence intensity of the entire population shifted 
along the MerTK expression axis, suggesting that MerTK expres- 
sion was increased in all cells in patient samples and was not 
solely due to the presence of a MerTK-expressing subclone. 
These prospective findings in patient samples, as well as the data 
for cell lines, are consistent with the findings previously reported 
by our lab, which showed MerTK mRNA expression in 19/34 
(55.8%) banked patient samples and MerTK protein expression in 
8/16 (50%) banked leukemia patient samples.^^ 

Multiple signaling pathways are activated upon Gas6 stimulation 
of Mer receptor tyrosine kinase 

Previous reports have shown that a variety of signaling pathways 
are activated downstream of Gas6/MerTK signaling (reviewed 
ji^28,29j ^^^^ analyzed the status of MerTK activation in the 
Jurkat and HSB2 cell lines and the ability of the receptor to 
respond to Gas6 stimulation (Figure 2a). MerTK was phosphory- 
lated in both the Jurkat and HSB2 cell lines in response to Gas6 
treatment. Additionally, in the Jurkat cell line there was low but 
detectable constitutive activation of MerTK, which was not present 
in the HSB2 cell line. To identify the pathways that might 
specifically be involved in the role of MerTK in T-ALL we used a 
human phospho-kinase array to analyze extracts from Jurkat cells 
treated with Gas6 or vehicle only (Figure 2b). As expected, 
we detected an increase in phosphorylated ERK and AKT in the 
Gas6 treated sample indicating the activation of the MARK and 
PI3K/AKT pathways. Interestingly, an increase in pSTAT5 and 
pSTAT6 was also noted (Figure 2b), suggesting the activation of 
the Stat pathway in a MerTK dependent manner. 

The results from the phospho-array screen were verified by 
western blot analysis in the T-ALL cell lines Jurkat and HSB2. 
Additionally, to confirm the requirement of MerTK in the Gas6 
induced signaling, we derived cell lines where MerTK expression is 
inhibited by an shRNA construct (shMerl) targeting the 3' UTR of 
the MerTK transcript. As shown in Figures 2c and d, MerTK protein 
expression was essentially ablated in two independent clones of 
Jurkat and HSB2 expressing shRNA directed against MerTK 
(shMerl A and shMerl B), while the cell lines expressing 
non-silencing control shRNA constructs (Jurkat shCntrll and 
HSB2 shCntrl2) showed no change in the level of MerTK protein. 



Table 1. Mer expression in pediatric T-ALL diagnostic patient sannples 
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Abbreviations: mod dim, moderate dim; mod, moderate; mod bright, moderate bright. ^CD45 staining levels: dim, mod dim, mod, mod bright and bright. 
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Figure 2. MAP Kinase and Stat pathway activation in response to MerTK Gas6 stinnulation. (a) Analysis of phosphorylation status of MerTK in 
Jurkat and HSB2 cell lines during log growth (lane 1), or incubated in serunn-free nnedia for 3 h and then treated with vehicle control (lane 2) or 
Gas6 (200nM) (lane 3). (b) Hunnan phospho-kinase array analysis of the Jurkat cell line treated with Ga6 (200nM) or vehicle control, (c and d) 
Western blot analysis of ERK and StatS activation in response to Gas6 (200nM) treatnnent in (c) Jurkat and (d) HSB2 parental and shRNA 
derivative cell lines. 



Treatment of Jurkat and HSB2 parental and shControl cell lines 
with Gas6 led to an increase in the phosphorylation of Erk 1/2 
(Thr202/ryr204), whereas in the MerTK knockdown cell lines the 
activation of Erk was attenuated (Figure 2c and d), indicating that 
MerTK is required for Erk signaling in these cell lines. Similarly, 
when we analyzed the phosphorylation status of StatS in the 
Jurkat cell lines, both the Jurkat parental and shCntrll cell lines 
showed an increase in phosphorylated StatS (Tyr694) (pStatS), and 
this signal was absent in the Jurkat MerTK knockdown cell lines 
(Figure 2c). 

In contrast to the Jurkat cell lines, the HSB2 parental and 
shCntrl2 cell lines showed a significant basal level of pStatS 
(Figure 2d), which was largely unresponsive to treatment with 
Gas6. Interestingly, in the HSB2 MerTK knockdown cell lines, basal 
levels of pStatS were reduced compared with the controls. 
However, when the total levels of StatS protein were analyzed, the 



knockdown cell lines showed a lower level of total StatS than in 
the HSB2 parental or shCntrl2 cell lines. These findings suggest 
that MerTK may have a role in the regulation of StatS activation 
and expression. 

Inhibition of MerTK increased the chemosensitivity of T-ALL 
cell lines 

As MerTK stimulation leads to the activation of Erk 1/2 (Figure 2) 
and other prosurvival pathways,^ we decided to determine the 
effect of MerTK inhibition on the response of the Jurkat and HSB2 
cell lines to treatment with cytotoxic agents that are currently 
used clinically.^^ Using the MTT assay, the IC50 of the HSB2 
parental and shRNA derivative cell lines in response to treatment 
with Cytarabine (Ara-C), Etoposide or 6-mercaptopurine (6-MP) 
were determined; similarly, the response of the Jurkat cell lines to 
treatment with Methotrexate was also analyzed. 
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Figure 3. Inhibition of MerTK leads to increased sensitivity of HSB2 and Jurkat cell lines to chennotherapeutic agents. MTT analysis of HSB2 and 
Jurkat parental and shRNA derivative cell lines in response to increased concentrations of chennotherapeutic agents, (a, b, c) Analysis of HSB2 
treated with Ara-C, Etoposide or 6-MP, respectively, (d) Analysis of Jurkat treated with Methotrexate. Error bars represent standard error of the 
nnean derived fronn at least four independent experinnents. 



As can be seen in Figures 3a, b and c), inhibition of MerTK 
increased the sensitivity of HSB2 to Ara-C, Etoposide and 6-MP. 
Comparison of the IC50 values (Table 2), generated by nonlinear 
regression of the MTT assay data, showed that the HSB2 
shMer knockdown cell lines were significantly more sensitive to 
Etoposide (IC5o = 20.5 and 25.8 nivi) compared with HSB2 shCntrl2 
cells (IC5o = 44.1 nivi; P = 0.014 and 0.047 vs HSB2 shMerIA 
and shMerIB, respectively). In response to 6-MP, there was a 
statistically significant ~ 1.8-fold increase in the sensitivity of the 
HSB2 shMer cells (IC5o = 2.78 and 2.63 \im) in comparison with the 
HSB2 shCntrl2 cells (4.79 |iM; P = 0.01 9 and 0.033 vs HSB2 shMerIA 
and shMerIB, respectively). In response to treatment with Ara-C, 
there was a ~ fourfold decrease in the IC50 of the HSB2 shMer cells 
(7.5 and 9.8nM), relative to shCntrl2 cells (39.3 nivi); however, this 
decrease was not statistically significant (P = 0.125 and 0.162 vs 
HSB2 shMerIA and shMerl B, respectively). We saw a similar result 
when the Jurkat cell lines were tested in response to treatment 
with Methotrexate (Figure 3d), with both Jurkat shMer knockdown 
lines (IC5o = 44.8 and 43 nivi) significantly more sensitive than the 
Jurkat shCntrl cell line (IC50 = 64.3 nivi; P = 0.005 and 0.033 vs Jurkat 
shMerIA and shMerIB, respectively) (Table 2). 

The observed changes in chemosensitivity of the shMer 
knockdown cell lines in the MTT analysis can be attributed 
to either a decrease in proliferation or an increase in cell death. To 
determine whether decreased Mer expression enhanced cell 
death in response to treatment with chemotherapeutic agents, 
the levels of apoptosis were analyzed with a fluorescence-based 
assay, using YOPRO-1 and PI to stain apoptotic and dead cells, 
respectively. As shown in (Figure 4a), both HSB2 shMer knock- 
down cell lines had a statistically significant increase in the 
percentage of dead cells in response to treatment with 20nM 



Table 2. HSB2 and Jurkat IC50 


values determined by MTT analysis 


H5B2 




Parental 


shControll 


ShMerIA 


ShMerIB 


Cytorabine (Ara-C) 
(nM) 

IC50 mean 

s.d. 

P vs shControl^ 


35.8 
46.2 
0.373 


39.3 
51.4 


7.5 
5.4 
0.125 


9.8 
5.8 
0.162 


Etoposide (nM) 
IC50 mean 
s.d. 

P vs shControl^ 


52.4 
11.5 
0.130 


44.1 
14.4 


20.5 
3.8 
0.014 


25.8 
4.0 
0.047 


6-mercaptopurine (mM) 
IC50 mean 
s.d. 

P vs shControl^ 


4.03 
0.96 
0.303 


4.79 2.78 
2.20 0.73 
0.019 

Jurkat 


2.63 
0.76 
0.033 




Parental 


shControll 


ShMerIA 


ShMerIB 


Methotrexate (nM) 
IC50 mean 
s.d. 

P vs shControl^ 


62.9 
53.6 
0.84 


64.3 
58.3 


44.8 
42.2 
0.005 


43.0 
34.1 
0.033 


^Statistical analysis determined 
independent experiments. See 
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Ara-C (70.8 and 44%) or 6-IVlP (52-68.5 and 32.9-54.6%), 
compared with the HSB2 shCntrl2 cell line (21% for 20nM Ara-C 
and 16.5-35.9% for 6-IVlP, P< 0.001). Similarly, when Jurkat cells 
were treated with 60nM Methotrexate (Figure 4b), there was a 
significantly increased level of apoptotic cells in the shMer 
knockdown cell lines (31.9 and 30.7%) compared with the Jurkat 
shCntrll cell line (13%; P<0.01). Analysis of the results from 
the YOPRO/PI assay using the Bliss independence model 
demonstrated an additive or synergistic increase in sensitivity to 
chemotherapy treatment in both the HSB2 and Jurkat cell 
lines depending on the concentrations of chemotherapy used 
(Supplementary Table 1). 

To confirm the results from the YOPRO/PI analysis on a 
molecular level, the status of the apoptosis signaling effectors 
Caspase 3 and PARP were analyzed. As shown in Figure 4c, when 
HSB2 shMer cells were treated with Ara-C, there was an increase in 
cleaved Caspase 3 and cleaved PARP compared with the parental 
and shCntrl2 cell lines, consistent with the increased apoptosis 
observed in the YOPRO/PI assay (Figure 4a). Similar results were 
observed in the Jurkat cell lines (Figure 4d), with both the Jurkat 
shMer cell lines showing increased activation of Caspase 3 and 
PARP cleavage when treated with Methotrexate relative to the 
Jurkat parental and shCntrll cell lines. 



Inhibition of MerTK decreases the oncogenic potential of the 
Jurkat cell line 

To determine whether MerTK inhibition resulted in any changes 
in the clonogenic potential of T-ALL, the colony forming potential 
of the Jurkat parental and shRNA derived cell lines in methylcel- 
lulose media was analyzed. As shown in Figure 5a there was a 
significant decrease in the ability of the shMer knockdown 



cell lines to form colonies (75 and 67colonies) relative to the 
shCntrll cell line (185 colonies, P<0.01), indicating that MerTK 
activity contributes to the clonogenic potential of the Jurkat 
cell line. The colony formation assay was not carried out with the 
HSB2 cell line, as the cells did not form distinct colonies in this 
assay. 

In order to control for the possibility of off-target effects of the 
shRNA used for Mer knockdown, we generated a MerTK add-back 
cell line derived from the Jurkat shMerIA cell line. As is shown in 
Figure 5b, reintroduction of MerTK expression in the knockdown 
cell line restores the clonogenic potential of the cells to the 
same level as the Jurkat parental and shCntrll cell lines with the 
empty vector only. Additionally, the increased chemosensitivity 
in the knockdown cell lines is reversed by exogenous MerTK 
expression (Supplementary Figure 1), suggesting that the 
phenotypes observed as a result of shRNA-mediated knockdown 
are not due to off-target effects and are specific to MerTK 
inhibition. 

To further investigate the effect of MerTK on the oncogenic 
potential in T-ALL, a mouse xenograft model of leukemia was 
developed by transplating Jurkat parental and shRNA-derived cell 
lines into NOD scid gamma mice. A significant survival advantage 
was observed when mice were injected with Jurkat shMer cell 
lines, compared with those injected with Jurkat shCntrll 
(P< 0.0001) (Figure 6a). Kaplan - Meier survival curves were used 
to determine a media survival of 60 and 59 days for mice injected 
Jurkat shMerIA and shMerIB, respectively, compared with a 
median survival of 30.5 days for mice injected with the Jurkat 
shCntrll cell line. Interestingly, a slight difference in survival was 
also noted between mice injected with the control cell line 
compared with those injected with the Jurkat parental cell line 
(27 vs 30.5 days). 
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Figure 4. Inhibiton of MerTK leads to increased apoptosis in HSB2 and Jurkat cell lines in response to treatment with chemotherapeutic 
agents, (a and b) Flow cytometry analysis of apoptotic and dead cells stained with YOPRO and PI. Error bars represent s.e. of the mean of at 
least three independent experiments. Statistical comparison vs shControl by two-way repeated measures analysis of variance followed by 
Bonferroni posttests(^^P<0.01, ^^^P<0.001) (c and d) western blot analysis of Caspase 3 activation and PARP cleavage in (c) HSB2 and (d) 
Jurkat parental and shRNA derivative cell lines in response to Ara-C or Methotrexate (MTX) treatment, respectively. 
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Figure 5. Inhibition of MerTK impairs the clonogenic potential of the 
Jurkat cell line, (a) Jurkat parental and shRNA derivative cells were 
plated in nnethylcellulose nnedia, grown for 8 days, and colonies 
were counted, (b) Analysis of nnethylcellulose colony fornnation 
in Jurkat parental and shRNA derivative cells transduced with an 
ennpty (pLNCX) or a MerTK expression vector. Error bars represent 
the s.e. of the nnean of at least three independent experinnents. 
Statistical connparison vs shCntrll by one-way repeated nneasures 
analysis of variance followed by Bonferroni posttests. The differ- 
ences in colony nunnber between the Jurkat parental, shCntrll and 
shMerlA + MerWT lines were not statistically significant. 



In order to visualize the extent of the changes in leukennia onset 
and progression in a more dynamic manner, mice were 
transplanted with monoclonal Jurkat cell lines (parental, shControl 
and shMer) expressing luciferase and luciferase activity was 
visualized over time as leukemia developed. Consistent with the 
data from the survival curve, mice injected with the parental cell 
line showed a slightly greater leukemia burden earlier on relative 
to the shCntrll -injected mice (Figure 6b). Furthermore, we are able 
to visually observe the significant difference in survival induced by 
MerTK knockdown, as the mice that were injected with the Jurkat 
shMerl A/Luc cell line had dramatically less leukemia burden at 
days 17 and 24 postinjection relative to either the parental or 
shCntrll cell lines. 



DISCUSSION 

In this paper, we have extended our previous findings demon- 
strating ectopic expression of MerTK in pediatric T-cell ALL.^^ We 
detected MerTK expression in 5 out of 12 (41.7%) pediatric patient 
samples at the time of diagnosis, and in 6 out of 1 1 (54.5%) T-ALL 
cell lines analyzed. These findings are consistent with the data 
previously reported (MerTK expression detected in 50-55.8% of 
banked pediatric T-ALL patient samples),^^ and also demonstrate 
the relative ease with which MerTK expression analysis can be 
incorporated into current flow cytometry diagnostic protocols. 

To better understand the mechanism by which MerTK 
activation provides an advantage in T-cell leukemia cells, we 
screened a human phospho-kinase array for changes in phos- 
phorylation status of proteins in response to Gas6-mediated 
activation of MerTK. Of the 38 different phospho-proteins present 
on the array, six proteins exhibited a change in phosphorylation 
status, including the ERK1/2 and AKT kinases and the STAT5 
protein. Activation of the STAT pathway has been observed 
in AML and ALL, and is known to occur through a variety of 
mechanisms, including expression of Jak kinase fusion proteins 
(for example, TEL-JAK2).^^ Although there are a few reports of 
STAT activation downstream of the TAM (Tyro3/Axl/Mer) 
receptors,^^ MerTK-dependent STAT phosphorylation has only 
been observed in COS cells overexpressing a constitutively active 
chimeric MerTK receptor.^"^ In this report, we show that Stat5 is 
phosphorylated in response to Gas6 treatment and that 
MerTK inhibition reduces this response. Our data are the first to 
demonstrate a ligand-dependent role for endogenous MerTK 
protein in STAT signaling. In addition, STAT signaling as a 
consequence of MerTK activation has not been previously 
reported in leukemia. The mechanism of MerTK-dependent Stat5 
phosphorylation will require further study, as we were not able to 
detect changes in Jak kinase activation (data not shown). It is 
possible that Stat5 phosphorylation could be mediated by another 
kinase, such as Src or MAP kinases,^^ which have also been shown 
to be activated in response to MerTK stimulation. 

Both the ERK1/2 and AKT kinases are well known modulators of 
antiapoptotic signals in cancer cells and have been shown to 
be downstream of MerTK stimulation. Both pathways can be 
activated by a variety of inputs and mechanisms. For example, in 
Jurkat cells AKT is constitutively active due to a mutation in PTEN, 
a phosphatase that regulates AKT activity.^^ Thus, AKT activity in 
Jurkat cells was not significantly affected by MerTK stimulation or 
inhibition (data not shown). ERK1/2 activation, however, was 
responsive to Gas6 treatment in the Jurkat and HSB2 cells, and 
was blunted in the shRNA derived Mer knockdown cell lines. 

The results of our signaling analysis suggests that targeted 
inhibition of MerTK would reduce prosurvival signaling in cells and 
result in a more effective outcome in response to cytotoxic 
treatment. Accordingly, both Jurkat and HSB2 MerTK knockdown 
cells were more sensitive to treatment with chemotherapeutic 
agents currently used for the treatment of leukemia.^^ 
The increased sensitivity was mediated by a higher rate of 
apoptosis, which was detected by increased levels of caspase 3 
and PARP cleavage. Interestingly, MerTK inhibition also reduced the 
clonogenic potential of the Jurkat cell line, both in an in vitro assay 
and in a mouse model of leukemia. Importantly, we were able to 
rescue the increased chemosensitivity and reduced clonogenic 
potential in the MerTK knockdown cell lines by exogenous 
expression of MerTK, indicating that the results presented here are 
unlikely to be due to off-target effects of the shRNA construct. 

In conclusion, in this report we have confirmed that MerTK is 
ectopically expressed in ~50% of patients with T-cell ALL, and we 
demonstrated that MerTK expression analysis can be incorporated 
into current flow cytometry diagnostic protocols. We have shown 
that MerTK activation leads to upregulation of prosurvival 
signaling pathways in T-cell lines, and identified novel 
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downstreann signaling via StatS. Furthernnore, we have shown that 
inhibition of MerTK increases the sensitivity of leukemia cells to 
treatment with cytotoxic agents, decreases their colony-forming 
potential, and MerTK inhibition also decreased the leukemogenic 
potential of T-cell lines in a mouse model. We believe these results 
offer compelling evidence that MerTK is a viable target for the 
development of targeted inhibitors that can be used in combina- 
tion with cytotoxic therapies for T-cell leukemia, and that these 
inhibitors will increase the benefit of current treatment protocols 
while allowing for dose reduction and a decrease in the severity of 
the side effects that are now observed. 
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